Induction studies on Aerobacter aerogenes strain PRL-R3, using ribitol as the inducer-substrate, indicated that two enzymes of ribitol catabolism, ribitol dehydrogenase and D-ribulokinase, are coordinately induced. The utilization of D-arabinose as a substrate resulted in the induction of ribitol dehydrogenase as well as D-ribulokinase. Mutants which were constitutive for ribitol dehydrogenase were also constitutive for D-ribulokinase. In contrast, D-xylulokinase and D-arabitol dehydrogenase did not appear to be coordinately controlled. Induction studies and examination of D-arabitol dehydrogenase constitutive mutants indicated that the three enzymes of the converging pathways for D-arabitol and D-xylose catabolism are under separate control.
With respect to catabolic pathways of carbohydrate metabolism, it appears that coordinate control of the enzymes responsible for the degradation of only one substrate would be a selective advantage for organisms. Alternatively, if two or more substrates are degraded via a converging pathway, it would be advantageous if the enzymes required in common were controlled separately from the earlier enzymes in the pathways. Regulation of catabolic pathways has been studied in diverse systems. Hegeman (8, 9, 10) reported coordinate control of enzymes responsible for the conversion of mandelic acid to benzoate in Pseudomonas putida. The benzoic acid oxidase system, responsible for the conversion of benzoate to catechol, is controlled separately in this organism. Furthermore, the enzymes involved in the degradation of catechol to fi-ketoadipic acid are also under coordinate control, but such control is separate from the earlier enzymes in the system. Englesberg et al. (6) studied the pathway of L-arabinose degradation in Escherichia coli. The four enzymes, permease, isomerase, kinase, and epimerase, required for the conversion of L-arabinose to D-xylulose-5-phosphate were found to be coordinately controlled.
In view of the above considerations, it would seem quite advantageous to study the regulation of a catabolic system which contains highly converging as well as unbranched pathways. The degradative pathways of five-carbon carbohydrates by strains of Aerobacter aerogenes provide such a system.
A. aerogenes strain PRL-R3 is able to utilize, as sources of energy, seven of the eight aldopentoses and all four of the pentitols (7, 15) . Of The present investigation was undertaken to determine the pattern of regulation in the unbranched pathway of ribitol degradation and in the convergent pathways of D-arabitol and Dxylose utilization in A. aerogenes. In this study, the ribitol-degrading system represented the unbranched pathway, whereas the convergent route involved the utilization of D-arabitol and D-xylose. Both of t-hese pathways are presented in Fig. 1 sate-or peptone-medium were inoculated with 5 ml of an overnight culture of cells grown in an identical medium. The cultures were incubated aerobically at 30 C for 3 hr and then were harvested by centrifugation.
In experiments designed to test coordinate repression and derepression of the two enzymes, overnight casein hydrolysate-grown cultures of the constitutive mutants were inoculated into fresh casein hydrolysate medium, and this medium was maintained in the logarithmic phase of growth by periodic subculture into fresh medium. After approximately five generations of growth, cells were transferred to sterile glucose-salts medium and were allowed to go through approximately six generations of exponential growth before being returned to the casein hydrolysate medium.
In all of these experiments, growth was followed by measuring the increase in turbidity by use of a Klett-Sumerson colorimeter equipped with a red filter (660 muA). The turbidity readings were converted to mg of dry weight per ml using a standard curve. The number of generations was determined on the basis of these dry weight values.
The inoculum used in the induction experiments ( Fig. 2 and 5 ) consisted of PRL-R3 wild-type cells grown on glucose-salts, harvested by centrifugation, and washed once with sterile salts solution. The washed cells were then resuspended in a sterile salts solution to 16%o of the original volume and were shaken at 30 C for 2 days. Induction experiments were then begun by inoculating these starved cells into 0.5% of the particular substrates to determine inducer ability.
Preparation ofcell-free extracts. Cells were collected by centrifugation at 12,000 X g for 10 min at 4 C in an RC-2 refrigerated centrifuge (Ivan Sorvall, Inc., Norwalk, Conn.). The cells were then washed once with an equal volume of cold distilled water. The cell pellets were resuspended in 2 ml of 0.04 M tris(hydroxymethyl)aminomethane (Tris)-chloride buffer, pH 7.5, containing 0.0033 M ethylenediamine tetraacetate and 0.0033 M dithiothreitol. The suspended cells were placed in polyethylene tubes, and five such tubes were placed in the cup of a 10-kc magnetostrictive oscillator (Raytheon Co., South Norwalk, Conn.) containing 30 ml of distilled water. The cells were disrupted by exposure to sonic vibration for 15 min at 5 C. The cell debris was removed by centrifugation for 15 min at 27,000 X g. The supernatant fractions were collected in chilled tubes, and these fractions constituted the crude extracts. Enzymatic assays. Assays for pentitol dehydrogenase activity were performed spectrophotometrically by observing the rate of reduced nicotinamide adenine dinucleotide (NADH2) oxidation in the presence of ketopentose (18) . Kinase assays were based on continuous spectrophotometric measurement of adenosine diphosphate (ADP) formation with the pyruvate kinase-lactic acid dehydrogenase system (3). To measure kinase activity in the presence of large amounts of the NADH2-specific pentitol dehydrogenases, reduced nicotinamide adenine dinucleotide phosphate (NADPH2) was (4) . The inoculation of glucosegrown cells of wild-type PRL-R3 strain into a ribitol-salts medium resulted in the rapid induction of ribitol dehydrogenase and D-ribulokinase (Fig. 2) . Similar experiments utilizing D-arabinose as the sole growth substrate resulted in a lag of 10 to 14 hr for the selection of mutants possessing isomerase activity. The induction of both ribitol dehydrogenase and D-ribulokinase was correlated in such experiments (Fig. 2) with the appearance of isomerase activity. The maximal levels of kinase and dehydrogenase induced were comparable in both cases. Since ribitol dehydrogenase was not directly involved in D-arabinose catabolism, these data suggested the possibility of the coordinate induction of ribitol dehydrogenase with D-ribulokinase.
Mutants constitutive for ribitol dehydrogenase were isolated by using xylitol as a selective substrate (14) . Of the 28 isolates tested, all were also found to be constitutive for D-ribulokinase. Although the mutants showed differences in enzyme levels, a plot of constitutive dehydrogenase versus kinase activities indicated that they are coordinately controlled (Fig. 3) . When incubated with ribitol these mutants could usually be induced to higher levels of dehydrogenase and kinase activity. One hypo-constitutive mutant, i.e., one which synthesized a lower level of dehydrogenase than is normally found in constitutive strains, was isolated by the procedure of Lin et al. (12) Fig. 5 . A comparison of enzyme activities suggested that none of these three enzymes was coordinately induced. Much higher D-xylulokinase activity was obtained when D-xylose was used as the substrate-inducer. DXylose (--D-xylulose) isomerase activity was detected only in the D-xylose culture, and low Darabitol dehydrogenase activity was also found in extracts of such cells.
To further investigate regulation of the Darabitol pathway, the procedure of Lin et al. (12) was used to isolate mutants constitutive for Darabitol dehydrogenase. The constitutive dehydrogenase activities of extracts of such mutants after growth on casein hydrolysate are shown in Table 2 . D-Xylulokinase activity could not be detected in such extracts, again indicating the lack of coordinate control for these two enzymes. All of the constitutive strains were capable of normal growth when D-arabitol was used as the substrate, and the enzyme activities of D-arabitolgrown, cell-free extracts are listed in Table 3 . D-Xylulokinase activity was induced when Darabitol was used as the substrate during incubation and growth; thus, the absence of kinase activity in the extracts of casein hydrolysategrown cells was not due to a defect in the kinase structural gene. The induction of constitutive mutant 203 by D-arabitol is graphically represented in Fig. 6 .
The enzyme activities of these four constitutive strains after growth with D-xylose as the substrate are shown in Table 4 . It is of interest to note that, Although the D-xylulokinase from D-xylosegrown cells was partially purified and characterized (13) The biological advantages of sequential induction can be seen in a situation where two or more catabolic pathways converge. If isozymes are not used to control the common metabolic reactions, then selective pressures may favor segmented control at the branchpoint as the most efficient means of regulating carbohydrate catabolism. If coordinate control were to span the convergence in a metabolic pathway, the result would be the synthesis of unnecessary enzyme protein.
Examples of such expenditures of protein synthesis are found with the xylitol-utilizing and D-arabinose-utilizing strains of A. aerogenes. Growth on xylitol results from the selection of mutants constitutive for ribitol dehydrogenase and from the utilization of this nonspecific dehydrogenase to catalyze the oxidation of xylitol to D-xylulose. D-Ribulokinase (coordinately controlled with the dehydrogenase) is also synthesized constitutively by such mutants even though this enzyme has no catalytic function during xylitol catabolism (14) . When D-arabinose is used as the substrate, growth is believed to result from the selection of mutants constitutive for L-fucose isomerase and from the utilization of this nonspecific enzyme for the conversion of Darabinose to D-ribulose. As a consequence of this isomerization, the enzymes of the ribitol pathway are induced. In this case, the induction of ribitol dehydrogenase must be considered superfluous, although D-ribulokinase is essential for the further catabolism of D-arabinose. Presumably, there has been no natural selection for regulatory systems controlling xylitol or D-arabinose degradation.
